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TECHNICALMEMORANDUM1441

THE EFFECTOFFREE-STREAMTURBULENCEON

HEATTRANSFERFROMA FLATPIATE*

By SugaoSugawara,TakasbiSate,
HiroyasuKomatsu,andHiroichiOsaka

Theeffectof initialturbulenceonthesurfaceheattransferwas
investigatedinthecaseofa smoothflatplate.Theinitialturbulence
wasintroducedby a screen,andthepercentageturbulenceF/U2U was

$ measuredaccuratelyby a hot-wireanemometerinthe
g inthemainflow. Ontheotherhand,thechangeof

ferencebetweenairanda plate,duringtheplate’s
measuredinthesamecondition,andfromitsresult
transfercoefficienton thesurfacewascalculated.

x

boundarylayerand
thetemperaturedif-
beingcooled,was
thelocalheat-

Thusjwe wereabletomakeclesrtherelationbetweeninitialtur-
bulenceandheattransfer.Surfaceheattransferbecomesbetterwith

. theenlargementoftheinitialturbulence,andtheincreasingofheat-
transfercoefficientwasremarkablewithintherangeofsmallinitial
turbulence.Intherageoflargerinitialturbulencethan7 to 8 per-
cent,thelocalheat-transfercoefficientincreasednomore,andits
valuewas55percentlargercomparedwiththecaseofthesmallestini-
tialturbulence.

1. INTRODUCTION

Surfaceheattransferisa phenomenonofheatexchangethroughthe
boundarylayersurroundingthesurfaceof a solidbody,it isnatural,
therefore,thatthefactorsaffectingtheconditionofboundarylayer
alsoinfluenceheat-transferphenomena.Itis consideredthatturbulence
existinginthemin flowwillinfluencetheboundarylayerand,there-
fore,surfaceheattransfer.Manyinvestigationsof surfaceheattrans-
ferhavebeenconductedinwhichverylittleorno turbulenceexistsin
themainflow,orwithoutconsiderationofanyturbulencethatmaybe
present.However,inmanypracticalsituations,comparativelystrong
turbulenceispresentand,therefore,shouldbe takenintoaccount.

a *“Shur@mmidare gaheibannetsudentatsuni oyobosulilq%ni
tsuite,”Jour.Jap.Sot.Mech.Eng.,vol.19,no.18,1953,pp.18-25.

.
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Experimentalresultsthatweremadeto clarifytheeffectof such

turbulenceonheattransferatthesurfaceofa smoothflatplateare
reportedherein.Theturbulencewasgeneratedby screensinthewind

*

tunnel,andtheturbulencepercentage</U2U wasmeasuredaccurately
by a hot-wireanemometerbothintheboundarylayerandthefreestream.

2.EXPERIMENTALAPPARATUSANDMETHOD

i.

Themainapparatus
scribedinreference1.
turbulencewasaddedas
behindthetunnelinlet
rodsina square
inthefollowing

array.
table:

65
as showninfigureZ wasthesameasthatde-
An apparatustogeneratevariousdegreesof
showninfigure1. It consistsofa screenS
T,builtby connectinga
Theimportantdimensions

TABLE1. - S- DIMENSIONS,

numberof circular -_
oftherodsaregiven

..
-—::

Screen A B c

Roddiameter 6 3 1

Rodpitch 28 13 7
.-

.

TheturbulencegeneratedwasthestrongestwhenusingarrangementA
andtheweakestwith C. A smoothflatplate P wassuspendedina
duct M. Sincetheturbulenceinducedby thescreendecreaseswithin-
creasingdistancefromthescreen,theturbulencenearthemeasuring
plate P canbe adjustedby varyingtherelativepositionofthescreen
andtheplate.Thisscreen-to-platedistanceis changedby an insert
duct D betweenthescreenandtheplatewhichhada lengthof either
50 or 10 centimeters.Experimentswerecarriedoutby combiningtwo
lengthsof D, orwithoutD,withthreekindsof S.

—
.—

ii.[sic]HeatTransferCoefficientMeasurements

Themethodofmeasurementwasthesame6sdescribedinreference1.
Thelocalheat-transfercoefficienta is calculatedfromtherelation

a= Bcy-s/2 (?) ‘“_ ‘:—

where c,T, and s arespecificheat,specificweight,andthickness
of a plate,respectively.TheconstantB ““multipliesthetime t _

.

intheequationoftemperaturedifferencebetweenthe.plateandair

.
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.

e, asdefinedby

.
e = Ae-Bt (2)

B wasdeterminedfromtherelationbetweene and t whichwasmeas-
ureddirectlyby twomillivoltmeters.Localheattransfercoefficients
weremeasuredat twelvelocationsalongtheplate,andtwovaluesoffree-
streamvelocitywereused(14m/seeand7 m/see).

%Q+ iii.MeasurementofTurbulenceStrength

a)Frequencycharacteristicsofamplifierusedtomeasureturbu-
lence.- A hot-wireanemometerwasusedforthemeasurementofturbu-
lence.Withthistypeof sensingelement,thefrequencyresponseis
limitedby theheatcapacityofthehotwire. Thatis,thetemperature

2
variationsofthehotwirewhicharereadas voltagevariationsbetween
theterminalsdonotfollowthevelocityvariationsoftheflowingfluid,
andbothamplitudeattenuationandphaseshiftarepresent.Moreover,

i bothoftheseeffectsbecomegreateras thefrequencyincreases.From
reference2,theamplitudedecreaseisproportionalto l/~lx,
andthephaseshiftisproportionalto tan-~lh,where u = 2xf,with f

. as thefrequencyand M = 4.2PA2c(~- TO)/i2rproportionalto theheat
capacityofthehotwire,p,A, c,and r arespecificresistance,
cross-sectiona~area,specificheat,andresistanceofthehotwire,
respectively,T and To aremeantemperaturesofthehotwireand
fluid,respectively,and i is thecurrentthroughthehotwire.

Suchamplitudeattenuationsandphaseshiftsmustbe compensated
sinceturbulenceisdistributedovera frequencyspectrum.Inorderto
accomplishthiscompensation,thecharacteristicsofthesmplifiermust
be thereverseofthoseof thehotwire.

Thecompensatingmethodusedin theamplifierutilizednegative
feedbackas describedinreference3. Thecircuitdiagramis shownin
figure2. Negativefeedbackisaccomplishedfromthe
thecathodeof V2.

&(ii+ioj)=io
.

where G is the,smplificationof V2 and V3,~“ is
tivefeed-back,~ istheinputvoltageof V2jand
ateOf Ve. Therefore,

~lateof V3 to

~heamountofnega-
E. isoutputvolt-
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.

where ~ is theactualamplificationincludingnegativefeedback.
—. —.

..-,
Specially,when[GPI>>l,

Referringtofigure2,the

4=

Handifwe chooseRO=-=-~,

B

b.+
P

bombinedimpedance

R.

. - .. -.

(3)
.

...-

~ of RI and Cl is

—.

-6

Therefore,fromequation(3),

A=- RO/;= - RO(l+ juXIRl)/Rl

Ifwe choosethevaluesCl and RI as CIR1= M, wecan
thedecreaseofamplitudeandphaseshiftofthehotwire.
notedthatthecharacteristicsoftheamplifiermustbe as
siblewhennegativefeedbackisnotapplied.

A vacuumthermocouplewasusedforthemeasurementof

compensatefor .
Itwillbe —
flataspos- .-“

thealterna-
tivecomponent(turbulentcomponent)oftheoutputvoltage.C isa
blockingcondensorfortheconstant(nonvariablecomporient)voltage.

Voltageinducedinthe T-circuitisproportional_to
r
u2,where

u isvariationofvelocity(turbulence);a barovera symbomeansan
averagewithrespecttotime.

—

Sincethediameterofthehotwireusedinourexperimentwas30
micronsanditslengthwasabout10.millimeters,thecurrentpassing
througha hotwirewasadjustedto300milliamperes.(Theaveragetem-
peratureofthehotwirewasabout170°C fora meanflowvelocityof 14
m/see,sothat M = 0.023sec.)

Figure3 showsthefrequencycharacteristicsofoursystemwhere
thebrokenlineisthetheoreticalresultof-combininga hottirewith
anamplifierhavinga perfectlyflatcharacteristic;thecirclesshow
theresultsof combininga hotwirewithanamplifierwithoutthenega-
tivefeedbackcircuit.ThedoublecirclesshowtheoutputoftheT-
circuitwhena hot-wireanemometerwasconnectedwithouramplifierusing
negativefeedback.As showninfigure3, thecurvefor-thedoublecir- ●

clesis satisfactorilyflatbetween20and7000cycles.Figure4 shows
thecalibrationequipmentfordeterminingfrequencycharacteristics. ---.=
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Thecalibrationfortheabsolutevalueof r U2 wascarriedoutby
usinga dynamicspeaker.A hot-wireprobewasfixedto themovingpart.
of thespeakerandtheamplitudewasmeasuredby a traversingmicrometer.
Thefrequencywascheckedby a tuningforkandstandardfrequencymeter.

(b)Effectofmeanvelocity.- Thesensitivityofa hot-wiremaybe
affectedby thechangeofmeanvelocity.Therelationbetweenthevoltage
E ofthedirectcurrentthatappearsbetweenthehot-wireterminals,and
themeanvelocityU isnotina straight-linerelationas showninfig-
ure5. Thismeansthatthesensitivityofa hotwireisa functionof
themeanvelocity.Namely,itssensitivitymustbe proportionalto
dE/dU at thepointof U1 whenthemeanvelocityis U1. Therefore,we
canmakea correctionby multiplyingtheratio dU/&Eby thevalueat
somestandardconditionwherethecalibrationwasmade. Therelation
betweenU and E dependsalsoon thefluidtemperatureas shownin
figure5. Thebrokenlineinfigure5 showsthevalueof dU/dE at 18°C.
Thecorrectionfortemperatureisnecessary,of course,butthechangeof
dE/dU isnotas largeas thechangeof temperature,sincethecurvesfor
variabletemperatureareapproximatelyparallel.

.
Figure6 showsthecircuitdiagramfortheapparatususedtomeasure

themeanvelocity.Inprincipleit isa bridgecircuitthatutilizesa
differencemethod.. R isa hotwireandthevoltagedifferenceappears
betweentheterminalsof R and R1. (R1 isa constantresistancethat
isscarcelyaffectedby temperaturechanges.)Thecurrentsofthetwo
circuitsarekeptconstantby adjustingR~ and R~.

Utilizingtheabovementioned,we canmeasurethevalueof J/62u
whichisthepercentageofturbulence.

3.DISCUSSIONOFRESULTS

i.TurbulenceandVelocityDistributionsintheBoundaryIayer

Figures7 and8 showtwoexsmplesof theexperimentalresults.The
distancefromtheplatesurfaceis y,and f,m, and r indicateplate
positionas shownin figure1. (Frontedgeofa plate,f;middleofa
plate,m; nearresredgeofa plate,r.) Figure7 i~ustratestheresults
whenno screensareusedbutwiththeauxiliaryduct D. Consequently,
theturbulenceis comparativelysmall.Figure8 showstheresultofusing
screenA butwithoutduct D, andis indicativeof theeffectof

?/
rong

turbulenceinthemainflow.Brokenlinesinbothfiguresshow ;2u,
with U thelocalmeanvelocityat y. Thefulllinesshow J/G2U(-J

. where UO istheconstantmeanvelocityof themainflow(approximately
14m/seein thecaseoffig.7 and12rn/sec3nthecaseof fig.8). At
thepositionsm and r,theboundarylayerswereturbulentinboth
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ca8es.Thevalueof @/U reachesa maximumvalue”of one-thirdor
one-fourthof theboundary-layerthickness,anditsvalueislargerin
thecaseoffigure8 thaninfigure7. Thethicknessof theboundary
layeris considerablygreaterinthecaseoffigure8. By comparing
thosetwofigures,we canrecognizethatthepercentof turbulenceinthe
boundarylayerbecomeslargerthroughtheincreaseof’theturbulence
levelofthemainflowjat thesametime,thethicknessof thelaminar
sublayerbecomessmaller.(Thisisalsoapparentinfigs.9 and10.)
Figures9 and10showthetime- meanvelocitydistributioninthebound-
arylayerinthesamecasesas figures7 and8. Opencirclesshowthe
resultsforthecaseoffigure7,andsolidcirclesshowthoseoffigure
8. Thethicknessoftheboundarylayer 5 wasdete~riedas thevalue
of y,wherethevelocitywas99.5percentof themain-flowvelocity.

—

ii.Heat-TransferResults

Figures11and12showheat-transferresults.TQosefiguresshow
therelationbetweenNusseltnumberNu andReynolti-numberRe ina
fewcasesofvariableturbulence,where

Nu= U@

and a isthelocalheat-transfer
frontedge.

Re= uox/v

coefficientat

Figure11 showsthecaseforscreenA with

.-

.

*

—

.m—

. .

—
- .

.

a distancex from-the .*1

a ductlengthD of
50 cent~meters;theinfluenceofthemeanvelocityof-themainflowis
shown.Thereisnoappreciableeffectofmeanvelocityontherelation
betweenRe and Nu,whichissimilarto thecaseoflowmain-stream
turbulence.Laminarheattransferis shownas a square-rootrelation,
Nu= 0.425Re0”5.In the-laminarboundary-layerrangetheeffectoftur-
bulence-isnotsoremarkable,butthetransitionRe -fromLaminarto
turbulentflowdecreasesas theturbulenceinthemain””flowincreases.
Overtheentirerangeofmain-flowturbulencestudied,therelationbe-
tween Nu and Re canbe expressedas followsforth>rangeofturbulent
heattransfer:

Nu= ~e0.8
.-.

(5)“-””
Thisslopeis thessmeas thecasethatincludesverysmallturbulencein
mainflow,i.e.,thestraightlinesthatrepresenttherelationoftur~.
bulentheattransferareparalleltoeachotheras shofiinfigures11and
12. Thevalueof Nu increasesaccordingto theincreaseofmain-stream
turbulence.In otherwords,thevalueof K in equation(5)increases ●

withtheincreaseofturbulenceinthemainflow.Figure13 showsthe
relationbetweenpercentofmain-streamturbulenceand..theincreaseof

. .
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Nu. Theabscissais (Nu- Nuo)/Nuo,where Nuo isthevalueof Nu in
. thecaseofthesmallestturbulence(percentageturbulencewas0.37per-

cent)in ourexperimentsandtherelationbetweenNuo and Re is shown
asfollows:

Nuo= 0.0194Re0”8 (6)

Thecoordinateoffigure13 isthepercentageturbulencein themainflow
nearthefrontedgeoftheplate(pointf infig.1). Themainflow
turbulencedecreasesintheflowdirectioninthiscase,so it is diffi-
culttodeterminethepositionof turbulencetobe usedforsuchfigures.
It isnotedthattheturbulencenesrthetransitionpointaffectsmainly
theturbulentboundarylayerheattransfer.Itis difficult,however,to
determinethetransitionpointexactlyandmoreover,thetransitionpoint
existedcomparativelynearthefrontedgeintheseexperimentssincethe
formofthefrontedgewasflatandnotsharp.Therefore,theturbulence
nearthefrontedgeisusedin figure13forconvenience.Thefollowing
tableshowstheresultof decreasingtheturbulencein themainflow.

TABLE2

LengthofductD, cm None None 50 None

Kindof screen None A A B

Decreaseofturbulenceinmainflow,percent

Positionf 0.75 7.42 2.05 3.54
[NACAnote:

Positionm 0.72 4.85 1.53 2.68
seefig.g

Positionr b 0.75 3.58 1.32 1.78

As showninfigure13,Nu increaseswithincreasingturbulence,andthe
rateof increaseis largerin thelowturbulencerangethaninthehigh
turbulencerange.In therangelargerthan7 to 8 percentturbulence,
Nu becomesahnostconstant.Themaximumincreaseof Nu was55percent.

Theinclinationof’suchchangesisverysimilarto theresultsre-
portedby Comings,etal.(ref.4) forthecaseofflowperpendicularto
a circularcylinder.In theirexperimentalresults,Nu didnotchange
anymorein therangebetween7 and22percent.We cannot,however,
quantitativelycompareourresultswiththeirs,sincenotonlyarethe
geometriesdifferent,butalsothethen-reported,meanheat-trazmfercoeffi-
cients,includingthelaminarheat-transferrange.

.
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4.CONCLUSIONS .— —

Inorderto studytheeffectofmain-streamturbulenceonthesur-
--.

faceheattransferinthecaseofforcedconvectionalongtheflatplate,
experimentswerecarriedoutby changingthemain-streamturbulence
throughtheuse of screensandsettlingsections.T%eresultsobtained

.—

aresummarizedas follows:
—

i.ThetransitionReynoldsnumberfro”mlaminarKoturbulentflow
—

decreasesas themain-streamturbulencelevelincreases. ‘-– %
x

ii.Increasingtheturbulenceof themainflow,increasesthetur-
bulencelevelintheturbulentboundsrylayer,anddecreasesthethickn-
ess ofthesublayer.Thiscausesan increaseintheheat-transfer —
coefficient.

iii.In therangeofMninarheattransfer,theeffectofturbulence
inmainflowwasnotgreat.Intherangeof turbulentheattransfer,the
heat-transfercoefficientincreasesaccordingtotheincreaseoftur-.
bulence,but I?uwasstillproportionalto ReO*8. b

iv.Nu increasessharplyinthesmallerturbulencerange,andthe
increasebecomesgradualin therangeof largerturbulence.Nu is
almostconstantintherangeof turbulencelargerthan7 to 8 percent~-

.

Themaximumvalueof Nu was55percentlarger.than>heminimumyalu~ ._ ;
of Nil.
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Figure1. - Experimentalapparatusto genma-tevariousdegreesof turbulence.
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